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The M o r b i d i t y and M o r t a l i t y of V e r m i c u l i t e Miners andM i l l e r s Exposed to T r e m o l i t e - A c t i n o l i t e : Part LExposure Estimates^
H . E . A m a n d u s , P h D , R . W h e e l e r , P E , J . J a n k o v i c , M S P H , a n d J . Tucker , B S

The v ermicu l i t e ore and concentrate of a mine and m i l l near Libby. M o n t a n a , was f o u n d :to be contaminated with f i b r o u s t r e m o l i t e - a c t i n o l i t e . Of 599 f i b e r s ( l e n g t h greater than |5 £im and width greater than 0.45 ^m) counted in eight airborne membrane f i l t e r :sample s , 96% had an aspect ratio greater than 10 and 16% had an aspect ratio greaterthan 50. A d d i t i o n a l l y , 73% of the f iber s were longer than 10 ^m, 36% were longer than20 nm, and 10% were longer than 40 /un. Estimates of exposure be fore 1964 in the drymill were 168 f i b e r s / c c for working areas, 182 f i b e r s / c c for sweepers, 88 f i b e r s / c c fors k i p p i n g , and 13 f i b e r s / c c for the qual i ty control laboratory. In 1964-1971, exposuree s t imate s for these areas were 33, 36, 17, and 3 f i b e r s / c c , r e sp e c t iv e ly . Es t imat e s of |-exposures in the mine before 1971 ranged f rom 9-23 f i b e r s / c c for d r i l l e r s and were less '
than 2 f i b e r s / c c f o r nondr i l l ing jobs. All 8-hr TWA job exposure estimates decreased I-from 1972-1976, and from 1977-1982 were less than 1 f i b e r / c c .

Key words: t r emol i t e -ac t ino l i t e , f i b e r typ e , f i b er dimension, fiber-years exposure

I N T R O D U C T I O N
V e r m i c u l i t e is a micaceous mineral with a f erromagnes ium-aluminum s i l i ca t e

composi t ion. It e x f o l i a t e s when heated and has proper t i e s of high bu lk , good thermal
in su la t i on , inert c o m p o s i t i o n , f i r e - p r o o f nature, and high ab s orp t i on [U.S. Bureau of
Mines, 1970]. Expanded vermiculi te is used in construction materials (aggregate s in
p l a s t e r and concrete), agr i cu l tura l product s ( p o t t i n g so i l , soil conditioner, nursery
stock pack ing m a t e r i a l , f e r t i l i z e r , and a carrier for c h e m i c a l s ) , and other i n d u s t r i a l
uses.

V e r m i c u l i t e alone has not been associated with s i g n i f i c a n t h ea l th e f f e c t s ; how-
ever, i t has never been s y s t e m a t i c a l l y s tudied e p i d e m i o l o g i c a l l y . V e r m i c u l i t e d e p o s i t s
in M o n t a n a and S o u t h C a r o l i n a are contaminated with f i b r ou s t r emo l i t e -a c t ino l i t e
[ A t k i n s o n et al. 1982]. and heal th e f f e c t s f r o m Montana v e r m i c u l i t e concentrate have
been a t t r i b u t e d to expo sure to the asbes tos f i b e r s [Lockey et al. 1984). Concern for
exposure to the t r e m o l i t e contaminating the Montana v e r m i c u l i t e concentrate has led
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2 A j n a n d u s et al
to (1) a cros s-sect ional s tudy by Lockey et al [1984] of r a d i o g r a p h i c and p u l m o n a r y
f u n c t i o n f i n d i n g s in workers at an Ohio f e r t i l i z e r p lant that processed concentrate
from South A f r i c a and from the Libby, Montana, mine and m i l l ; (2) a s tudy by the
Environmental Pro t e c t i on Agency of the asbestos content of the bulk and airborne
dust in the Libby f a c i l i t y [ A t k i n s o n et al, 1982]; and (3) our s tudies of the mortal i ty
and morb id i ty of the Libby miners and mi l l e r s [ A m a n d u s et al, 1987a,b]. In a d d i t i o n
to our s tudy, McDonald et al [ 1986b] have conducted a p a r a l l e l but separate s tudy of
the Libby workers.

A t k i n s o n et al [ 1 9 8 2 ] f ound f i b r o u s t r e m o l i t e - a c t i n o l i t e , nonf i brou s tremoli te-
a c t i n o l i t e , and non f ibrous a n t h o p h y l l i t e in the raw ore and vermiculite concentrate
f r om the Libby m i l l . The percentage by weight of f i b r o u s tremol i t e-ac t inol i t e was
approx imat e ly 21-26% in the raw ore sampled at the head feed of the m i l l , and 2-
6% in the concentrate. Results from similar analyses by the company in 1984 indicated
that the percentage by weight of f i b er s varied from 3.5-6.4% in the raw ore at the
head f e e d , and from 0.4-1.0% in the concentrate [ W o l t e r , personal communication].

The ob jec t ive of our s tudy was to estimate the exposure-response r e la t i on sh ip
between tremolite exposure, lung cancer, and asbestosis. The primary purposes of
this paper are to: (1) estimate a ratio to convert respirabie airborne dust exposure
( m i l l i o n par t i c l e s per cubic f o o t , m p p c f ) to f i b er exposure (f ib er s per cubic centimeter,
f i b e r s / c c ) . (2) estimate the 8-hr TWA fiber exposure for job s in each year of operation
of the Libby f a c i l i t y . (3) characterize the type and dimension of f iber s contaminating
the Libby vermiculite concentrate.

M E T H O D S
Descr ip t i on and H i s t o r y o f the V e r m i c u l i t e F a c i l i t y

Product ion of the Montana vermiculite concentrate begins at the mine where
the ore is d r i l l e d , l oaded, and hauled to a trans f er point. Coarse fract ions greater than
5/8 inch are s eparated while the f i n e f r a c t i o n is transferred by belt to the m i l l . The
mil l ing operation is a wet beneficiation process comprised of several circuits. From
the m i l l , the processed concentrate is t rans f erred to a loading s i t e , p lac ed into enclosed
trucks, and hauled to a screening plant . Screened concentrate is either stored or
transferred across the Kootenai river for sh ipment , while a smaller quantity of
concentrate is hauled to a bagging p lant located in Libby. The mine and mi l l are
located a p p r o x i m a t e l y 12 miles f rom Libby, and the screening and l o a d i n g dock are
a p p r o x i m a t e l y 7 miles f r om town. The history of engineering changes in the f a c i l i t y
is described in T a b l e I.
Expo sure Es t imate s

S a m p l e s of airborne dust have been taken in the mil l since 1942 and in the mine
since 1968. Prior to 1969, 336 midge t impinger s a m p l e s were col lected by the s tate
of Montana p r i m a r i l y in the dry m i l l , and a f t e r 1967, 4116 membrane f i l t e r s ampl e s
o f airborne dust were c o l l e c t ed b y f e d e r a l agencies ( N I O S H , M E S A , a n d M S H A )
and the company in most areas of the f a c i l i t y (Tabl e II). Before 1974, f i l t e r s a m p l e s
were either general area or shortrterm personal s a m p l i n g s col lected over periods
r a n g i n g f r o m 20 minutes to several hours, and were not l i k e l y to have r e f l e c t e d the
8-hr TWA exposure.



Estimates f o r T r e m o l i l e — A c t i n o l i t e Exposure
T A B L E I. H i s t o r y o f Mine and Mill___________________________________

Date___________________________Event________________________
1935 The dry mi l l began operat ion
1950 The wet m i l l operated in the same b u i l d i n g as the dry mi l l
1935-1950 Bulk ore was loaded into railroad box cars at a l o a d i n g station in Libby
1950-1959 Bulk ore was loaded into railroad tank cars at a l o a d i n g s t a t i o n 7 mile s f r o m L i b b y
1960 Bulk ore was loaded into enclosed hopper cars
1961 An exhaust system was i n s t a l l e d in the l oad ing area
1964 An exhaust fan was i n s t a l l e d in the dry mil l
1968 The exhaust stack for the fan in the dry mill was moved to route the exhaust away

f rom the shop area around m i l l
1970 A new d r i l l was purchased with a dust control b a g g i n g sys tem
1972 An automatic bagging machine replaced hand f i l l i n g and sewing
1972 The s k i p p e r control room was pressurized ( s k i p p i n g is the process by which

concentrate is t rans f erred from the mill to a storage s i t e )
1973 A new wet mi l l was constructed ad ja c en t to the old dry and wet mill f a c i l i t y
1974 A new screen p l a n t was constructed at the river l o a d i n g dock
1974______The old dry and wet mi l l s were closed_______

TABLE II. Description of Environmental Sample s

Source
S t a t e o f Montana* 1

N I O S H
M E S A / M S H A C

Company

Unit s of
measurement3

m p p c f
f / c c
f / c c
f / c c

Year sample
c o l l e c t ed

1956-1969
1967-1968
1971-1981
1970-1982

No. of
s ampl e s

336
48

789
3279

* M p p c f , m i l l i o n p a n i c l e s p er cubic f o o t ; f / c c , f i b e r s p er cubic cent imeter.bOne sampl e report was ava i lab l e in 1942.c F r o m 1969 t o 1977, membrane f i l t e r s ampl e s were co l l ec t ed b y M E S A ; M S H A took over M E S A ' s
ac t iv i t i e s in 1977.

The 8-hr TWA fiber-exposure for j o b s was estimated f r o m short term s a m p l e s
employing a scheme derived by McDonald et al [ 1 9 8 6 a , b j in which the mine and mill
was d i v i d e d into "location-operations" (LO). The ar i thmet i c average f i b er-expo sure
(f/cc) was e s t imated in each LO, and an es t imate of the 8-hr TWA f i b e r exposure (f/
cc) for each job was computed as an average of LO es t imate s weighted by the
proport ion of time spent in the LO.

U s i n g the scheme devised by M c D o n a l d et al [ 1 9 8 5 ] , we d i v i d e d the f a c i l i t y
into 25 LO. The LO were d e f i n e d by d i v i d i n g the f a c i l i t y into m a j o r l o c a t i o n s (mine,
m i l l , service, l o a d i n g , and b a g g i n g ) , and then s u b d i v i d i n g the locations by operations
based on job exposures.

For the years a f t e r 1968, f i b e r exposure in the LO were e s t i m a t e d e m p l o y i n g an
ar i thme t i c average o f t h e f i b e r concentrat ions f r o m f i l t e r s a m p l e s . S a m p l e s were
pooled for years when product ion processes and dust control s were assumed to be
similar ( T a b l e III). For the years before 1968, f i b e r exposure in the dry mill was
e s t imated f r o m the average r e s p i r a b l e du s t exposure ( m p p c f ) , which was converted
t o f i b e r exposure ( f / c c) e m p l o y i n g a conversion rat io . For th e years b e f or e 1968,
f i b e r exposure in all other LO were estimated based on a s s u m p t i o n s , which are
discussed f u r t h e r below.
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T A B L E I I I . T h e Average f / c c Value s C a l c u l a t e d From Membrane F i l t e r S a m p l e s Co l l e c t ed i n
1967-1982 by Locat ion-Operat ion and Year

L o c a t i o n - o p e r a t i o n
Bus ride
M i n e o f f i c e
M i n e ( m i s c e l l a n e o u s )
D r i l l i n g

Mine ( n o n d r i l l i n g )
T r a n s f e r p o in t
T a i l s belt
Dry m i l l sweep ing
Dry m i l l
Old wet m i l l ( n o n m i l l w r i g h t )
Old and new wet mill

( m i l l w r i g h t )
New wet mil l

( n o n m i l l w r i g h t )
Q u a l i t y control l ab
Servi c e area by m i l l
S k i p area

Concen tra t e h a u l i n g
River s t a t i o n ( b i n s i d e )
River conveyor t u n n e l
River o f f i c e ( b i n s i d e )
Ore l o a d i n g
River dock and car c l eaning
V e r x i t c p l a n t
B a g g i n g p l a n t

D o w n t o w n o f f i c e b u i l d i n g
S c r e e n p l a n t

Year
67-74
>74
67-74
>74
67-74
>74
67-70
71-74
>74
67-74
>74
67-74
>74
67-74
>74
67-71
72-74
67-71
72-74
67-74

' 67-74
>75
73-74
75-76
>76
67-74
>74
67-74
>74
67-71
72-74
>74
67-74
>74
67-74
>74
67-74
>74
67-74
>74
67-74
>74
70-74
>74
67-70
67-71
72-74
>74
>75
>74

Average
1.2—
1.0
0.5
1.6
0.8
6.7
9.2
0.6
2.6
0.6
2.2
0.6
7.3
0.7

35.9
19.0
33.2
16.63.7
7.0
0.6
4.6
2.0
0.8
2.6
0.6
1.9
0.2

17.4
4.8
0.6
5.5
0.4

21.2
0.7

1 1 2 . 5
0.3

10.6
0.2
3.2
0.2
5.1
0.5
2.8
4.6
6.0
1.2
0.0
0.5

S t a n d a r d
error1

0.3—
.1
.1
.4
.1

1.7
5.4
0.9

.3
0.1
0.4
0.0
1.3
0.1
4.4
3.1
3.9
0.9
0.5
4.9

.2

.5

.3

.1

.4
0.1

.6
0.0
4.6
2.6
0.1
1.2
0.0
8.7
0.1

34.3
0,1
0
0

.8
0.1
1.7
0.1
0.5

.9
1.2

.1
0.1
0.1

N o . o f
s a m p l e s

4
0
8

18
28
33

7
13
63

140
157

2!
1 1 6
28
30
28
42
81

155
48
16
14
59
71

1.214
39

205
83

108
11
31

190
21
97
18
62
20
12

2
1

18
8

1 1
64

3
3

50
1 1 8

3
443

C o n f i d e n c e
interval

U p p e r
2.3—
1.2
0.7
2.4
1.0

10,0
19.8
2.4
2.0
0.7
3.3
0.7
9.8
0.9

44.5
25.1
40.8
18.4
4.7

16.7
1.0
5.6
2.6
0.9
3.4
0.8
3.1
0.2

26.4
9.9
0.7
7.9
0.4

38.3
0.9

179.7
0.4

10.6
.2

4.8
0.3
8.4
0.6
3.8
6.4
8.4
1.42
0.7

Lower
1 . 1—
0.8
0.3
0.8
0.6
3.4
0
0
3.2
0.5
1.7
0.5
4.8
0.5

27.3
12.9
25.6
14.8
2.7
0
0.2
3.6
1.4
0.7
1.8
0.4
0.7
0.2
8.4
0
0.5
3.1
0.4
4.1
0.5

45.7
0.2
10.6

.2
i.6

O . I
1.8
0.4
1.8
2.8
3.6
1.0

.0
0.3

S t a n d a r d error, s t a n d a r d d e v i a t i o n d i v i d e d by the square root o f the No. o f s a m p l e s .
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Ideally, a conversion ratio ( f / c c : m p p c f ) should be computed from impinger and

membrane f i l t e r sample s col lec ted in the same areas and at the same time. Because
no s ide-by-side s a m p l e s were taken, we computed the ratio based on i m p i n g e r and
f i l t e r samples taken in the dry mil l during 1964-1971 when the product ion processes
were assumed to be s imi lar. Few impinger sampl e s were ava i lab l e for areas other
than the dry m i l l . Filter sample s taken a f t e r 1972 were not used for computat ion of
the conversion ratio because f i b e r level s were s i g n i f i c a n t l y decreased a f t e r 1971
( T a b l e IV). I m p i n g e r s ampl e s taken prior to 1965 were also not used because dust
exposures f r om 1950-1964 were markedly higher ( T a b l e IV). The reduction in dust
l ev e l s in 1964 was l i k e l y due, in p a r t , to the i n s t a l l a t i o n of the exhaust fan in the dry
m i l l . The average respirable dust exposure ( m p p c f ) and the average f i b er exposure
(f/cc) were computed for various time periods ( T a b l e IV), and conversion ratios were
calculated ( T a b l e V), i.e., ratio = [(average f / c c ) / ( a v e r a g e m p p c f ) ] . The most
comparable period was from 1967-1968 when both impinger and membrane f i l t e r
sample s were taken in the dry m i l l . T h i s comparison resulted in a conversion ratio of
8.0, based on 126 impinger and only 14 f i l t e r samples . Another po s s i b l e comparison
was 56 impinger sample s collected in 1969 and 15 f i l t e r sample s collected in 1970.T h i s comparison resulted in a fac tor of 1.9, but again a small number of f i l t e r samples
were taken in this period, and the average f / c c was s i g n i f i c a n t l y lower in 1970 than
in 1967-1968 and 1971.

A conversion ratio of 4.0 was selected for this s tudy, based on 336 impinger
sample s in 1965-1969 and 81 f i l t e r sample s in 1967-1971. T h e s e time periods were
chosen to obtain enough samples for the derivation of reasonable estimates of expo-

TABLE IV. Average Exposure by Year in the Dry Mil l
Unit of
measurement
mppcP

f / c c b

Year of
s a m p l e

50-64
65
66
67
68
69
67-68
67-69
65-69
68-69
67-68
70
71
72
73
74
67-70
6 7 - 7 1
67 74

Average
42.19.S

9.4
9.0
7.5
5.7
8.2
7.4
8.4
6.7

65.3
10.9
31.0
15.2
15.8
21.0
37.1
33.2
22.3

S t a n d a r d
d e v i a t i o n

21.0
6.7
4.4
4.0
4.5
3.2
4.3
4.0
5.0
4.0

67.3
5.5

17.1
10.2
11. 1
10.7
53.7
34.7
23.4

S t a n d a r d
error

3.3
0.7
0.5
0.5
0.5
0.4
0.4
0.3
0.3
0.4

18.0
1.4
2.4

' 1.51 . 3
1.9

10.0
3.9
1.5

No. of
s ampl e s

40
84
70
56
70
56

126
182
336
126

14
155;
45
79
31
29
81

236
' M i d g e t i m p i n g e r s a m p l e s ; m p p c f . mi l l i on p a r t i c l e s p e r cubic f o o l .h Membranc f i l t e r s a m p l e s ; f / c c . f i b e r s p e r cubic centimeter.
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T A B L E V . Conversion ratios ( f / c c ; m p p c f )

Year (average m p p c f ) b

Year
(average f / c c>"
1967-68

( 6 5 . 3 )
1970

( 1 0 . 9 )
1967-70

( 3 7 . 1 )
1967-71

( 3 3 . 2 )
1967-74

(22.3)

1967
(9.0)
7.3
1.2
4.1
3.7
2.5

1968
( 7 . 5 )
8.7
1.5
4.9
4.4
3.0

1969
( 5 . 7 )
11.5

1.9
6.5
5.8
3.9

1967-68
(8.2)
8.0
1.3
4.5
4.1
2.7

1967-69
(7.4)
8.8
1.5

5 . 0 '
4.5
3.0

1968-69
( 6 . 7 )
9.8
1.6
5.5
5.0
3.3

1965-69
(8.4)
7.8
1.3
4.4
4.0
2.7

• f / c c , f ibers per cubic centimeter.b m p p c f , m i l l i o n p a r t i c l e s p e r cubic f o o t .
sure, and to control as much as pos s ib le for the e f f e c t of the continuing decline in

,;: dust levels. The derivation of the ratio will be discussed again later.
--̂ ; A s s u m p t i o n s were made as to the range of po s s i b l e f iber exposures in some

~x areas of the m i l l , and in the service, d r i l l i n g , l o a d i n g , and bagging areas, because
sampl e s were not a v a i l a b l e be fore 1968 (Tabl e VI). A s s u m p t i o n s were based on
NIOSH experience and the company s t a f f s judgment as to the level of exposure in
an LO relative to other LOs or to the dry mill. Exposures for areas in the dry mill
(sweeping, quality control laboratory, and s k i p p i n g ) were assumed to be in the same
propor t i on to the working area of the dry mill be fore and a f t e r 1968.

Exposures at the d r i l l i n g , river dock, and ore l oad ing areas prior to 1968 were
more d i f f i c u l t to estimate than in other LOs due to s igni f i cant engineering changes.
Company o f f i c i a l s believed that exposures at the river dock and loading area declined
markedly in 1950 when box cars were replaced by hopper cars ( T a b l e I), and decl ined
again in 1960-1961 when h o p p e r cars were covered and an exhaust sys t em was added .
Exposure s in d r i l l i n g were believed to have declined markedly when a new d r i l l , with
a dust control bagging system, was employed a f t e r 1970. Due to the lack of exposure
data in these areas, estimates before 1968 are considered "guesstimates."

However, the "guesstimates" for these LOs pr ior to 1968 had a small e f f e c t on
the average cumulat ive exposure e s t imate for the overall cohort, and on the e s t imat e s
of the exposure-response curves, because a small number of workers was employed
in these areas. No dri l lers were employed from 1937-1948, and fewer than three
were employed for most years during 1949-1960. No baggers were employed from
1937-1948, and only one to two f r o m 1948-1968. Finally, f ewer than f i v e workers
were employed in the l o a d i n g area for all but 4 years b e f o r e 1968.For each year of opera t ion, an estimate of the 8-hr TWA f ib er exposure for
each job was computed as an average of the 25 LO exposure estimates weighted by
the p r o p o r t i o n of time a worker e m p l o y e d in the job spent in the LO. An exampl e of
the c a l c u l a t i o n for a " t r a n s f e r point operator" is as f o l l o w s : A t r a n s f e r point operator
worked 9.5 hr over his shift; 2 hr on the t a i l s b e l t , 6.5 hr at the t r a n s f e r p o i n t , and 1
hr t rave l ing by bus to and f rom the mine and Libby. His 8-hr TWA f ib er exposure
was calculated as f o l l o w s for each year: [(2 hr x the t a i l s belt e xpo sure) 4- (6.5 hr
x the t r a n s f e r p o i n t e x p o s u r e ) -^ (1 hr x the bus ride e x p o s u r e ) ) / 8 . 0 hr. E m p l o y i n g
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T A B L E VI. A s s u m p t i o n s f or Es t imate s o f F i b e r Exposure in th e Loca t i on-Opera t i on s B e f o r e 1968
Location-operation A s s u m p t i o n s
Mine

Dry mill

Service area

Ore l o a d i n g ( O L )

River dock and
car cleaning (RD)

B a g g i n g

1) Exposures for al l mine j o b s but d r i l l e r s were the same b e f or e anda f t e r 1968.
2) A range of e s t imate s for d r i l l e r s was assumed b e f o r e 1970:

a) High estimates; Expo sure s were 2.5 t imes higher pr ior to 1970
than a f t e r 1970 due to i n s t a l l a t i o n of a new drill with a dus t
control system.

b) Low estimates: E s t i m a t e d f r o m seven s a m p l e s c o l l e c t e d in
1968-1970.

c) Exposure s were the same in each year b e f ore 1970.
1) Expo sure s f o r sweepers, q u a l i t y control l ab ( Q C L ) , and s k i p p e r s

( s k i p ) were computed as a p r o p o r t i o n of exposures in the dry m i l l
working area:
a) S w e c p c r < 6 g = M i l l < 6 8 x ( S w e e p e r 6 8 . 7 4 / M i l I 6 8 . 7 j )
b) Q C U e s = M i t l < M x ( Q C L 6 g . 7 o ' M i l l 6 8 _ 7 0 )
c) Skip < eg = M i l l < 6 8 x (Skipag-Ti/Mill*!, .- ,!)

1) Exposures in 1964-1967 we:e two l imes higher than a f t e r 1967
due to contamination f r om the exhaust stack for the v e n t i l a t i o n
fan in the dry mi l l .

2) Exposures were s imilar b e f o r e 1964 and 1967-1974.
1) A range of exposures was e s t imated b e f o r e 1968:

a) High estimates:
1960-1968: 30% higher than a f t e r 1970.
1950-1959: 36% higher than in 1960-1969.
< 1950: Ore loader s p l i t time 50% by box car l o a d i n g and
operator's room, and 50% as a bagger. Expo sure at l o a d i n g
dock and in the o p e r a t o r ' s room (150 f / c c ) was s l i g h t l y lower
than in the dry m i l l (168 f / c c).

b) Low estimates: c o m p a n y ' s e s t imates.
1) High estimates:

1960-1969: 30% higher than in 1970-1974.
1950-1959: 40% higher than in 1960-1969.
< 1950: Exposure was computed as a propor t i on of the exposurein the OL: RD< 5 0 = O L < 5 0 x (RD 7o-74/OL 7 0 _ 7 4 )

2) Low estimates: c o m p a n y ' s estimates
1) High estimates: Assumed a t h r e e - f o l d d r o p in exposure in 1972

due to i n s t a l l a t i o n of automatic bagger.
2) Low estimates: E s t i m a t e d f r o m s a m p l e s in 1968-1971: assumed

exposure is same before 1968 and in 1968-1971.__________

the LO exposure e s t imate s ( T a b l e VII) for the t a i l s b e l t , t r a n s f e r p o i n t , and bus ride,
the estimate of the 8-hr TWA exposure be fore 1974 is 3.8 f / c c : ((2 hr x 7.3 f / c c ) +
(6.5 hr x 2.2 f/cc) + (1 hr x 1.2 f/cc)]/8 hr.
R E S U L T S
E x p o s u r e E s t ima t e s

Est imate s o f exposure in the LO (Table VII) b e f o r e 1964 for dry m i l l j o b s were
168 f / c c for working areas. 182 f / c c for sweepers, 88 f / c c for s k i p p i n g , and 13 f / c c
for the q u a l i t y contro l l a b o r a t o r y . In 1964-1971. e s t i m a t e s were 33, 36. 17. and 3 f/
c c , r e s p e c t i v e l y . E x p o s u r e e s t i m a t e s b e f o r e 1971 f or mine j o b s ranged f r o m 9-23 f /



T A B L E V l l . E s t i m a t e s o f F i b e r Exposure b y Loca t i on-Opera t i on a n d Year

L o c u t i o n - o p e r a t i o n
H i g h e s t i m a t e s

Bus r ide
M i n e o f f i c e
M i n e m i s c e l l a n e o u s
D r i l l i n g
M i n e n o n d r i l l i n g
T r a n s f e r po int
D r y m i l l s w e e p i n g
D r y m i l l
O l d w ' e t m i l l n o n m i l l w r i g l u
Old and new wet m i l l

m i l l w r i g h t
N e w w e l m i l l n o n m i l l w r i g l u
( Q u a l i t y control lab
S e r v i c e area by m i l l
S k i p urea
C o n c e n t r a t e h a u l i n g
R i v e r s t a t i o n b i n s i d e
R i v e r conveyor t u n n e l
R i v e r o f f i c e b i n s i d e
Ore l o a d i n g
R i v e r dock
V e r x i l e p l a n l
B a g g i n g p l a n l
D o w n t o w n o f f i c e b u i l d i n g
T a i l s b e l t
S c r e e n p l a n t

L o w e s t i m a t e s ' 1

D r i l l i n g
Ore .load ing
R i v e r dock
B a g g i n g p l a n t

' ' L o w e s t i m a t e s a r e t h e same a s

<50

1.2
1.0
1.6

23.0
2.62.2

182.1168.4

13.1
1.9

88.3
5.52 1 . 2

112.510.6
H 2 . 5

1 1 6 . 9
22.6
12.9
0.0
7.3

6.7
24.0
38.0

4.6
h i g h e s t i m a t e s

50-59

1.2
1.0
1.6

23.0
2.6
2.2182.1

168.4
3.7
7.0

13.11.9
88.3

5.5
2 1 . 2

112.510.6
27.7
42.5
22.6
12.9
0.0
7.3

6.7
15.0
19.0
4.6

l o r a l l o th er

60-63

1.2
1.0
1.6

23.0
2.6
2.2

182.1168.43.7
7.0

13.1
1.988.3
5.5

21.2
112.510.6

10.7
17.0
2.8

12.9
0.0
7.3

6.7
9.0
6.4
4.6

areas.

64-67

1.2
1.0
1.623.02.62.235.933.23.77.0

2.6
3.817.4
5.521.2

112.510.610.717.0
2.812.90.0
7.3

6.7
9.0
6.4
4.6

Ye
68-70

1.2
1.0
1.69.2
2.6
2.2

35.9
33.23.7
7.0

2.61.9
17.4
5.5

21.2
112.510.6

3.2
17.0
2.8

12.90.0
7.3

6.7
3.2
5.1
4.6

ar
71

1.2
1.0
1.69.2
2.6
2.2

35.9
33.23.7
7.0

2.6
1.917.4
5.5

21.2
112.510.63.2

5.1
12.90.07.3

9.2
3.2
5.1
4.6

72 74

1.2
1.0
1.6
9.2
2.6
2.219.0

16.63.7
7.0
3.22.61.9
4.8
5.5

21 .2
112.5

10.6
3.2
5.1
4.3
0.0
7.3

9.2
3.25.1
4.3

75-76

0.0
0.5
0.8
0.6
0.6
0.6

0.6
2.0
0.6
0.2
0.60.4
0.7
0.3
0.2
0.2
0.5
1.2
0.0
0.7
0.5
0.6
0.2
0.5
1.2

77-79

0.0
0.5
0.8
0.6
0.6
0.6

0.6
0.8
0.6
0.2
0.6
0.4
0.7
0.3
0.2
0.2
0.5
1.2
0.0
0.7
0.5
0.6
0.2
0.5
1.2

80-82

0.0
0.5
0.8
0.6
0.6
0.6

0.6
0.8
0.6
0.2
0.6
0.4
0.7
0.3
0.2
0.2
0.5
1.20.0
0.7
0.5
0.6
0.2
0.5
1.2
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cc for d r i l l e r s and were less than 2 f / c c for n o n d r i l l e r s . E x p o s u r e e s t i m a t e s b e fore
1971 at the r i v e r - l o a d i n g s t a t i on ranged f r o m 5-82 f / c c for ore l o a d i n g , 10-11 f / c c
f o r t h e river o f f i c e , 112-113 f / c c f o r t h e conveyor t u n n e l , 5-117 f / c c f o r t h e river
dock and car c l e a n i n g , and 20-21 f / c c for the river s t a t i o n bin area. Expo sure
e s t imate s d u r i n g 1972-1976 decreased a n n u a l l y . Exposure s d u r i n g 1977-1982 in most
areas were l e s s than 1.0 f / c c , and in the m i l l ranged f r o m 0.6-1.0 f / c c .
A n a l y s i s o f B u l k a n d Airborne S a m p l e s

B u l k s a m p l e s f r o m the mine were analyzed by p o l a r i z e d l i g h t m i c r o s c o p y in
order to locate f i b r o u s material and to de t ermine various p h y s i c a l c h a r a c t e r i s t i c s of
the f iber s . The f i b r o u s component was e s t imat ed to be in the range of 5-10% by
weigh t , was a n i s o t r o p i c , and had an index of r e f r a c t i o n p a r a l l e l to the f i b e r l e n g t h of
a p p r o x i m a t e l y 1.63, which sugge s t s the f i b er s were of the t r e m o l i t e series. T r e m o l i t e
in the host rock was also f ibrous in habit (Fig. 1).

F u r t h e r examination o f ind iv idua l f i b e r s by S E M / E D A X produced iron-to-
magnesium peak in t en s i ty ratios in the range of 42-57%, i n d i c a t i n g that d e sp i t e the
rather low r e f rac t iv e index , the f i b e r s might be bet ter described as a c t i n o l i t e [Deer et
al, 1966]. T h i s is consistent with the mineralogical c la s s i f i ca t i on reported by Atkinson
e t a l [ 1 9 8 2 J .Area samples of the airborne dust from the mill and screening plant were
obtained f rom the company, and analyzed by phase contras t . l i gh t mi cro s copy by
NIOSH Physical and Chemical Analyt i ca l Method number 239. A p i c t u r e of a sampl e
of airborne f i b e r s is presented in F i g u r e 2. A d d i t i o n a l l y , 599 f i b e r s ( l e n g t h greater
than 4.98 urn and width greater than 0.44 pm) f r o m eight airborne sample s were
sized according to l e n g t h , w i d t h , and aspect ratio ( T a b l e VIII). R e s u l t s i n d i c a t e that

Fig. 1. Raw ore c o n t a i n i n g a sbe s t o s .
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Fig. 2 . Membrane f i l t e r sample.
96% of the f i b e r s had an aspect ratio greater than 10, 67% greater than 20, and 16%
greater than 50. A d d i t i o n a l l y , 73% of the f i b e r s were longer than 10 / i m , 36% were
longer than 20 j m i , and 11 % were longer than 40 ^m. All f i b e r s counted had a width
le s s than 2.49 /*m.
D I S C U S S I O N

The questionable accuracy of the exposure e s t imate s be fore 1968 is recognized.
Key f a c t o r s that need to be considered in e s t i m a t i n g exposure are pr e c i s i on , time
per i od s for combining s a m p l e s , e s t imator s , the conversion ra t i o , and a s sumpt i on s as
to exposures in areas where samples have not been taken. In most s tudie s such as
ours, there is l i t t l e one can do but work within the cons tra int s of the a v a i l a b l e data.

W i t h regard to pr e c i s i on , the standard error of the average annual impinger
measurements was low (0.4-0.7) f r o m 1965-1969 ( T a b l e IV). A d d i t i o n a l l y , the
standard error of the f i l t e r s a m p l e f i b er concentrat ion was less than one-half of the
mean for most LO (Table III). A l t h o u g h the v a r i a b i l i t y was h igh for some LO, i t was
low in areas where exposures were ex tremely h i g h , and where the greatest number of
workers were employed ( m i l l , service area, l o a d i n g , and bagg ing).Per iod s to pool s a m p l e s and source of s a m p l e were difficult to evaluate. The
average f i b e r e xpo sure in th e m i l l f o r 1967-1968 was s i g n i f i c a n t l y h igher ( 6 5 . 3 f / c c)
than dur ing 1970-1974 (10.9-31.9 f / c c ) ( T a b l e I V ) . T h e v a r i a b i l i t y i n t h e e s t imate s
was a l s o greater for 1967-1968 s a m p l e s .T h e source o f t h e s a m p l e s could e x p l a i n t h i s v a r i a b i l i t y . N I O S H c o l l e c t e d t h e
f i l t e r s a m p l e s i n 1967-1968. t h e c o m p a n y c o l l e c t e d t h e s a m p l e s i n 1970. M S H A
c o l l e c t e d t h e s a m p l e s i n 1 9 7 1 , a n d t h e c o m p a n y a n d M S H A c o l l e c t e d s a m p l e s
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T A B L E VIII. N u m b e r o f Fiber s ( L e n g t h > 5 ^m and W i d t h > 0.45 M"I) in Eigh t Airborne F i l t e r
S a m p l e s by T h e i r L e n g t h , W i d t h , and Aspec t Ratio

S a m p l e

Length ( p m )4.98-7.04
7.04-9.96
9.96-14.08
14.08-19.91
19.91-28.16
28.16-39.82
39.82-66.00
66.00-88.00
> 88.00

T o t a l
W i d t h (urn)

0.44-0.62
0.62-0.880.88-1.24
1.24-1.76
1.76-2.49
>2.49

T o t a l
A s p e c t rat io s

<5
5-10
10-20
20-50
50-100
>100

Total

1

3
9
8
9
8
8
3
2
0

50
34
12
2
2
0
0

50
0
0

1623
10

1
50

2

11
2224
18
I I
12
4
22

106
84
17
3
2
0
0

106
0
4

35
51
13
3

106

3

13
27
12
17
16
3
7
2
3

100
63
29

5
30
0

100
03

41
46

8
2

100

4

4
20
15
22
20
11
61
1

100
59
31

81
0
1

100
0
2

29
58
101

100

5

5
1
5
2
5
5
3
0
0

26
14
9
0
3
0
0

26
07
7

11
1
0

26

6

1
34

13
1 1

5
81
0

46
23
19
2
2
0
0

46

0
1
6

28
10

1
46

7

10
8

19
10
5

11
6
1
0

70
52
14
3
1
0
0

70
0
4

15
36
15
0

70

8

7
1920
20
14
10
9
1
1

101

77
70
4
0
0
0

101

0
3

27
52
17
2

101

T o t a l
N o .

54
109
107
1 1 1
90
65
46
10

7
599
406
151
27
14
0

I
599

0
24

176
30584

10
599

%

9
18
18
19
15
1 1
8
2
1

100

68
255

2
0
0

100
0
4

29
51
14
2

100

a n n u a l l y a f t e r 1971. One might argue that NIOSH and company sample s d u r i n g 1967-
1970 should be e x c l u d e d , because exposures were m a r k e d l y higher in 1967-1968,
and lower in 1970, than in 1971-1974. However , an increased emphas i s on dust
control could also e x p l a i n the dec l ine a f t e r 1968. In any event, we assumed that the
s a m p l i n g methods f rom 1967-1974 were comparable , and combined all s a m p l e s .

The choice o f e s t imator has varied among e p i d e m i o l o g i c a l s tudie s . J.C. Mc-
Donald et al [ 1 9 8 0 ] and A . D . McDonald et al (1982 , 1983, 1984) used the ar i thmet i c
mean (AM), and J.C. McDonald et al ( 1 9 8 6 ) and Dement et al [ 1 9 8 3 ] used an
a p p r o x i m a t i o n of the AM that assumed that f i b er concentration was d i s t r i b u t e d
l o g n o r m a l l y .

The choice of e s t imator must consider issues of s t a t i s t i c a l prec i s ion and bias.
Sieber and Att f i e ld [ 1 9 8 5 ] and Att f i e ld [ 1 9 8 5 ] f o u n d that the geometric mean and
a p p r o x i m a t i o n s to the AM are less e f f i c i e n t than the AM when the p o p u l a t i o n is not
d i s t r i b u t e d l o g n o r m a l l y . In our data , the f i b e r expo sure c onc en tra t i on was not l o g n o r -
m a l l y d i s t r i b u t e d for many areas. T h u s , we chose not to use an a p p r o x i m a t i o n .

A d d i t i o n a l l y , th e e s t imator needs t o e s t imate th e a p p r o p r i a t e e xpo sure i n d e x ,
and s a m p l i n g s t r a t e g y must be cons idered. In our e p i d e m i o l o g i c a l s t u d y , the i n d i v i d u a l
c u m u l a t i v e f i b e r e x p o s u r e i s th e i n d e x o f i n t e r e s t , i.e., th e sum o f th e p r o d u c t o f d a i l y
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f i b e r c oncen tra t i on s by t ime exposed. In an idea l s i t u a t i o n , where s a m p l e s are
r e p r e s e n t a t i v e , accurate, and in s u f f i c i e n t number, the AM would be the a p p r o p r i a t e
s t a t i s t i c to e s t imate the d a i l y concentration. However , the geometric mean (GM) is
o f t e n used to discount the i n f l u e n c e of outliers. If exposures tend to be overestimated
due to inva l id s a m p l e s , the GM may be more rea l i s t i c than the AM. We assumed that
the s a m p l e s were valid and used the AM (Table. IX).

In the absence o f s ide-by-s ide i m p i n g e r and membrane f i l t e r s a m p l e measure-
ments, it is difficult to assess the accuracy of our conversion ratio. Dement et al
[ 1 9 8 3 ] f o u n d a ratio of 7.8 for p r e p a r a t i o n areas and 3.0 for the n o n p r e p a r a t i o n areas
of a c h r y s o t i l e asbestos t e x t i l e p l a n t . J . C . McDonald et al [1980] reported a ratio
between I and 5 for Quebec c h r y s o t i l e mines and m i l l s . J . C . McDonald et al [ 1 9 8 5 ]
used the same s a m p l e reports as we d i d , and e s t imated the ratio to be 4.6.

C l e a r l y , the conversion ratio cannot be evaluated pre c i s e ly f rom a v a i l a b l e da ta .
The ratio is l i k e l y between 2-8 as noted in other s tud i e s , and the choice of 4.0 l i k e l y
produces estimates of exposure with less than a t w o - f o l d error.

Es t imat e s of the 8-hr TWA f ib er exposure in 1981-1982 ranged f r o m 0.6-0.8 f/
cc for mine and mill jobs. However, based on 203 samples collected by the company
in 1984, 92% of the 8-hr TWA exposures were les s than 0.20 f / c c , 98% were les s
than 0.5 f / c c (OSHA's temporary asbestos standard [OSHA, 1983]), and 99.5% were
less than 1.0 f / c c . The average TWA exposure f rom the 203 company sampl e s was
0.1 f / c c .F i b e r dimensions are important risk f a c t o r s for lung cancer. T h u s , we measured
the l ength and wid th of 599 f i b e r s (>5 /^m long and aspect ratio > 3) collected in
eight f i l t e r samples of airborne dust ( T a b l e VIII). Us ing optical microscopy, we found
that 73% of the f i b e r s were longer than 10 pm, 93% were thinner than 0.88 f t m , and
67 % had an aspect ratio greater than 20.

Because p r e v i o u s l y p u b l i s h e d s t u d i e s o f f i b e r d imens ions for c h r y s o t i l e , amo-
si te , and crocidol i t e have util ized electron microscopy ( E M ) , it is unclear how our
o p t i c a l microscopic r e su l t s compare to the EM s t u d i e s o f other f i b e r t y p e s . We o f f e r

TABLE [X. A r i t h m e t i c and Geometric Mean F i b e r per Cubic Centimeter Exposure for S a m p l e s
C o l l e c t e d in 1967-74 for Some Locat ion-Operat ions

Loca t i on-op era t i on
M i n e m i s c e l l a n e o u s
D r i l l i n g
M i n e n o n d r i l l i n g
T r a n s f e r p o i n t
T a i l s b e l t
D r y m i l l s w e e p i n g
Dry r n i l l
Old wet m i l l
New we t m i l l
S e r v i c e area
S k i p p i n g
C o n c e n t r a t e h a u l i n g
R i v e r s t a t i o n
R i v e r conveyor t u n n e l
B a g g i n g

N o . o f
s a m p l e s

28.20
1402!
28
70

236
48
59
83
42
21
18
20
53

A r i t h m e t i c
mean

1.58
8.28
2.61
2.49
7.25

25.77
22.32

3.71
4.55
1.89
8.09
5.52

2 1 . 1 8
1 1 2 . 4 5

5.89

Geometr i c
mean
0.63
2.05
0.93
1.97
4.31

17.81
15.03

2.10
2.77
0.28
0.39
2.01
6 .11

37.34
2.20

A M / O M
2.5
4.0
2.8
1.31.7
1.5
1.5
1.8
1.6
6.8

23.7
2.8
3.5
3.02.1
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a brief review to suggest that t r emol i t e is perhaps longer and thinner than croc ido l i t e
and amosite a s b e s t i f o r m f i b e r s .

Langer et al [1974] counted all f i b er s vi s ible to the T E M , and showed that the
modal l e n g t h f o r Libby, t r e m o l i t e f i b e r s w a s s i m i l a r t o U I C C a n t h o p h y l l i t e ( 5 . 1 ^m),
and greater than UICC amosite (1.4 ^m) and UICC c r o c i d o l i t e (0.6 pun). T h e y also
reported that the modal w i d t h was 0.17 /*m for t r e m o l i t e , 0.18 /j.m for a n t h o p h y l l i t e ,
0.14 fj.m for amos i t e , and 0.13 for c r o c ido l i t e . We then c a l c u l a t e d the aspect rat io s to
be 28, 28, 10, and 5, r e s p e c t i v e l y . T h e i r r e su l t s suggest that t r e m o l i t e may be l onger
and thinner than UICC cro c ido l i t e and amosite. T h e s e r e s u l t s are c on s i s t en t wi th
r e s u l t s f rom W y l i e [ 1979] who f o u n d a direct r e l a t i o n s h i p between aspec t rat io and
f i b e r l e n g t h .

In contrast to the re su l t s pre s ented by Langer et al [ 1 9 7 4 ] , W y l i e et al [ 1 9 8 5 ]
f ound an aspect ratio of 29 for amosite f i b e r s f rom f i l t e r s a m p l e s of airborne du s t .
A d d i t i o n a l l y , in a review of the aspect ratio for various f i b e r t y p e s f rom air and t i s sue
s a m p l e s , W y l i e [ 1 9 8 4 ] s tated that the aspect ratio ranged f r o m 8-19 for amosite and

;;. a n t h o p h y l l i t e , and from 20-30 for crocidol i te and chrysoti le .
; :; F u r t h e r c on tra s t ing re sul t s were reported by W y l i e [ 1 9 7 9 ] and Dement and

' ; ' • • • Harris [ 1 9 7 9 ] . W y l i e e t a l [ 1 9 8 5 ] , using t h e S E M , reported that t h e propor t ion o f
...-„. , . . ••;'•' . f i b e r s with aspect ratio greater than 20, among f iber s longer than 5 /*m, was 96% for

'. Canadian and C a l i f o r n i a chrysotile, 84% for South A f r i c a n amosite, and 89% for
- S o u t h A f r i c a n croc ido l i t e . Dement and H a r r i s [ 1 9 7 9 ] , al so using the SEM, measured

the length and width of f ibers collected in air sample s in p l a n t s m a n u f a c t u r i n g
chryso t i l e t e x t i l e s , f r i c t i o n produc t s , cement p i p e , and amosite p i p e i n s u l a t i o n . Weca l cu la t ed the aspect ratio d i s t r i bu t i on from their re su l t s for f i b er s longer than 5 pirn,
wider than 0.4 / x m , and an aspect ratio greater than 3. We f ound that the propor t i on
with aspect ratio greater than 20 ranged from 35-69% for c h r y s o t i l e and 36-51 % for
amosite. .

It i s d i f f i cul t to compare s tudie s o f f i b e r d imen s i on due to d i f f e r e n t sources of
the same f i b e r t y p e , methods o f c o l l e c t i n g f i b e r s f or a n a l y s i s , and micro s cop i c
techniques. The r e s u l t s pre sented by Langer et al [ 1 9 7 4 ] f r o m the only r epor t ed s tudy
of Libby t r emo l i t e f i b e r s showed the t r emo l i t e f i b e r s to be very long and thin. The
re su l t s p r o v i d e a p l a u s i b l e argument for sugge s t ing there is an increased risk of l ung
cancer and asbes tos i s (as suming risk is related to f i b e r d imens ion). H o w e v e r , because
of the v a r i a b i l i t y in p u b l i s h e d re su l t s on f i b e r d imens i on s , a d d i t i o n a l research on the
dimensions of Libby tremoli te compared to amosite and crocidoli te would be u s e f u l .

W e conc lude t h a t : ( 1 ) t h e conversion ratio ( f / c c : m p p c f ) f o r t r e m o l i t e / a c t i n o l i t e
varied from 1.2-11.5 based on d i f f e r e n t subgroups; however, our ratio of 4.0 is not
l i k e l y d i f f e r e n t f r o m the true ratio by more than a f a c t o r of 2 based on r e su l t s f r o m
other asbestos s tudie s; (2) exposures were extremely high in the mine and mill prior
to 1974. T h i s must be considered when i n t e r p r e t i n g the r e s u l t s of e xpo sure-re spons e
s tud i e s .
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